Sialic acid-containing lipopolysaccharides (LPS) were isolated from six bacterial strains of the family Enterobacteriaceae. Sialic acid was released from permethylated LPS by methanolysis, and partially 0-methylated N-acetyl-N-methyl-neuraminic acid methyl ester methyl glycosides were analyzed by gas-liquid chromatography-electron ionization mass spectrometry. It was proved that all LPS contain N-acetylneuraminic acid (NeuAc). The occurrence of 7-substituted NeuAc in Escherichia coli serotypes 024 and 056 and in Citrobacterfreundii 037 LPS was documented. The LPS preparations also contained terminal NeuAc. LPS of E. coli 0104 had exclusively 4-substituted sialic acid. The remaining LPS studied, namely, from Salmonella toucra 048 and Hafnia alvei 2, had 4-linked and terminally localized NeuAc residues.
In bacterial endotoxic lipopolysaccharides (LPS), the polysaccharide moiety is built up of oligosaccharide repeating units, which in some strains contain sialic acid (11) . Sialic acid residues in bacteria may occupy a terminal or an internal position within a carbohydrate chain. Internally located sialic acid was found as 8-, 9-, or 4-linked N-acetylneuraminic acid (NeuAc) (1, 7, 8) . A trisaccharide with 7-linked sialic acid was isolated recently from a Rhodobacter strain (10) . Studies on sialic acid-containing LPS are necessary to understand the role of sialic acid in the interaction of procaryotes with hosts. The structure of an 0-specific polysaccharide with sialic acid was described for the first time in Hafnia alvei 2 (3) .
This investigation was performed to determine whether terminal sialic acid is present in intact LPS and to determine the substitution of internal sialic acid.
MATERIALS AND METHODS
Strains, cultivation, and LPS preparations. Escherichia coli 024 strain E41a, E. coli 056 strain Su 3684-41, and E. coli 0104 strain H519 were kindly provided by F. 0rskov, Statens Seruminstitut, Copenhagen, Denmark. Salmonella toucra 048 strain KOS 1386 was from the National Salmonella Centre, Gdansk, Poland; H. alvei 2 (PCM 2386) was from the Collection of the Institute of Immunology and Experimental Therapy, Wroclaw, Poland; and Citrobacter freundii 037 strain Bell5/66 was from the Czechoslovak National Collection of Type Cultures, Prague. The growth of bacteria in liquid medium, isolation with phenol water, and purification of LPS were carried out as described previously (2, 4, 13) . The O-specific polysaccharide was prepared from LPS by treatment with 1% acetic acid, as described previously (3, 4) .
Methylation analysis of LPS. Samples of dried LPS preparations were methylated by the Hakomori method (6) and purified by dialysis into water. Dried samples were subjected to methanolysis with 1 M HCl in methanol for 4 h at 80'C. Methanol was replaced once by 2H-labeled methanol. Further acetylation was carried out with acetic anhydridepyridine (1:1, vol/vol) for 30 min at 1000C. A parallel sample was silylated with Sigma A reagent (40 A.l; Sigma Chemical Co.) for 30 min at 100'C. For deuterioacetylation, the acetic anhydride was replaced with 2H-labeled acetic anhydride. for 3 min, which was followed by an 8°C/min rise to 270°C. RESULTS 
AND DISCUSSION
The acid lability of polysaccharides containing sialic acid, under the conditions used for delipidation of LPS (1% CH3COOH, 1 h, 100°C), normally causes the polysaccharide obtained to be partially depolymerized. With H. alvei 2 LPS, complete depolymerization occurred under the conditions used (3). These circumstances prompted us to investigate the intact LPS instead for the presence of terminal or substituted sialic acid in the 0 antigen of some strains of the family Enterobacteriaceae.
Methylation analysis was used to determine terminal and internal sialic acid residues in the LPS, using methanolysis for releasing individual sugar residues. The partially O-methylated N-acetyl-N-methyl-neuraminic acid methyl ester methyl glycosides obtained were acetylated, deuterioacetylated, or silylated at the free hydroxyl groups prior to GC-MS analysis. The methanolysis used (1 M HCl, 80°C, 4 h) results in incomplete release of the glycosidically substituted (internal) sialic acid but should release the terminal sialic acid groups in good yield. The conditions used should one peak originated from terminal sialic acid (compound 1), and another originated from 7-substituted NeuAc (compound 3) ( Table 1 ). Various derivatizations were performed to prove the 7-substitution of NeuAc (Fig. 1) . Mass/charge ratios of characteristic fragment ions obtained from sialic acid derivatives are presented in Table 2 . An additional peak present on chromatograms of acetylated samples (compound 2) was ascribed to 7-hydroxy-Neu5Ac4,5,8,9Me4 methyl ester methyl glycoside (Fig. 2) . This compound was formed as a result of incomplete acetylation of released permethylated 7-OH-NeuAc. This assumption is based on the following observations. Deuterioacetylated, acetylated, and silylated samples gave identical spectra of compound 2. Deuterioacetylated samples had a higher proportion of compound 2 than acetylated samples, while silylated preparations yielded only a small amount of compound 2, which means that the quantity of that compound depends on the method of derivatization. Silylation is more efficient than acetylation. In general, the presence of compounds 2 Further evidence for the 7-substitution of NeuAc was obtained after Smith degradation (5) of the polysaccharide. This experiment was done on E. coli 024 and 056 polysaccharides, which have in their main chains the other sugar residues that are resistant to periodate oxidation. The polysaccharide subjected to Smith degradation and subsequently to gel filtration on Bio-Gel P-4 was eluted in the void volume, which means that the Smith-degraded product remains polymeric. The Smith-degraded product also is retained in the bag during the dialysis process. If the sialic acid is substituted in the 7 position, vicinal diols at C-8 to C-9 permit oxidation, resulting in a shortage of one carbon. The mass spectrum of peracetylated derivative 11 (Fig. 3a , Table   2 ) shows characteristic fragment ions of high intensity at m/z 332 (fragment B), 258, and also 376 (fragment A). The appearance of the m/z 258 fragment is associated with elimination of the 7-substituent, because this ion is produced from both acetylated (compounds 11 and 12) and silylated (compound 13) (Fig. 3b) derivatives. In the spectrum of compound 14 in which deuterium was introduced on C-8, the fragment shifts 1 a.m.u. to m/z 259. Moreover, the derivative deuteriomethylated at C-1 and C-2 has a shift of 6 a.m.u. to m/z 264 (Table 2, compound 16), which means that positions C-1 and C-2 are preserved in this fragment. The mechanism proposed for its formation is depicted in Fig. 4 . In permethylated NeuAc, abundant cleavage between two methoxy groups occurs between C8OMe and C9OMe, but in permethylated aminodideoxyoctonate, the product of periodate oxidation, this fragmentation does not exist. Therefore, another fragmentation usually not observed occurs (Fig. 4) . In general, however, the fragmentation of derivatives 11 to 16 follows the known fragmentation scheme of sialic acids (9, 12) with the expected shifts for the corresponding fragments (Table 2 , Fig. 3a to c) .
Results presented above indicate that internal sialic acid in LPS of E. coli serotypes 024 and 056 and C. freundii 037 is linked through the 7-position. This finding has important biological meaning. As far as we know, such glycosylation of sialic acid has only been found once in nature (10) . The partial serological cross-reactivity (2, 11) of the above three serotypes is probably associated with their common feature, the 7-substituted sialic acid. Moreover, the rabbit anti-C. freundii 037 serum agglutinates horse erythrocytes (2). These observations indicate the possibility of the creation of, or participation in, the epitope by the 7-substituted sialic acid.
As a result of the present investigations, it was also possible to find the terminal sialic acid in intact LPS. The polysaccharide of LPS is degraded to various degrees during mild acid delipidation due to the lability of the NeuAc linkage. Therefore, the procedure used in this work serves as a method to determine the natural biological unit by searching for the presence of terminal NeuAc in endotoxin to find out whether the biological unit is terminated by sialic acid. Analysis of an original molecule, such as LPS, is helpful, especially when it is difficult to obtain the polysaccharide without degradation. That all LPS studied revealed terminal NeuAc except that from E. coli 0104 is in accordance with gel filtration of the carbohydrate material released from LPS in which free sialic acid was released from all LPS except that of 0104. In this case the disaccharide Gal-NeuAc was obtained instead of free NeuAc (4) . It is important to prove the presence of sialic acid in endotoxin unequivocally and simply. Terminal sialic acid in bacteria mimics such a molecule in host tissue, thereby contributing to the pathogenicity of bacteria which become unrecognized by the host immune system. Although all LPS studied are antigenic against rabbit sera (2) , most likely terminal neuraminic acid does not participate in the respective epitopes; instead, the epitope is formed in the internal part of the polysaccharide. Another mechanism that also should be examined is the biosynthesis of sialic acid-containing, 0-specific polysaccharides. Enzymes which take part in the biosynthesis and metabolism of these 0 antigens may be important virulence factors. Such bacterial enzymes may alter the host structure during infection.
